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Proton-antiproton events collected with the CDF minimum-bias trigger at \/(s) = 1800 and 630 GeV are
studied splitting the full event sample in a soft subsample of events with no energy clusters above 1.1 GeV and in
the subsample of the remaining events. Detailed and precise analyses of the multiplicity and transverse momentum
distributions as well as of the correlation of the average p; and of its dispersion with the multiplicity are performed
for the two samples. Comparisons of the results and of their dependence from the center of mass energy show
clear differences in their behaviours. The results support important and unexpected scaling properties of the soft

sample.

1. INTRODUCTION

Hadron interactions are commonly classified in
hard and soft interactions. However highly pure
samples of events generated by hard parton in-
teractions can only be collected selecting the rare
events with clear high E; cluster identification.
High cross-section events collected with minimum
bias trigger are to be thought as a mixture of
a large number of soft interactions with a com-
ponent of hard interactions events. The frac-
tion of these latter events decreases with the jet
transverse energy of the event and globally in-
creases with the c.m.s. energy. The properties of
events coming from minimum bias trigger could
be the result of the different production mech-
anisms which generate different kind of events.
Their energy dependence partially reflects the en-
richment in hard interactions due to the rise of
the hard parton interaction cross-section with in-
creasing energy. In this analysis a splitting pro-
cedure of the full minimum bias sample in two
subsamples, one highly enriched in soft interac-
tions and the other enriched in hard interactions,
is applied. The two subsamples are then analysed
comparatively at two different c.m.s. energy, /s
= 1800 and 630 GeV. The results evidence some

interesting unobserved properties of the soft in-
teraction sample and a remarkable, mainly unpre-
dicted, scaling behaviour between 630 and 1800
GeV.

2. DATA SET AND EVENT SELECTION

The experiment has been performed with the
CDF detector at the Fermilab Tevatron Collider.
The CDF apparatus has been described else-
where [1]; here only the parts of the setup utilized
for the present analysis are discussed.

Data were collected with a minimum bias trig-
ger during Run 1A, 1B, 1C (1800 GeV) and 1C
(630 GeV). This trigger requires coincident hits
in the beam-beam counters (BBC), located at 5.8
m from the nominal vertex position and covering
5.4 units in 7, in coincidence with a machine-
crossing signal. For the present measure the
charged tracks detected in the Central Tracking
Chamber (CTC) have been used. The CTC is a
drift chamber covering a n interval of about three
units with full efficiency for |n| < 1 and p; > 0.4
GeV/c. The tranverse energy flux was measured
in the full calorimeter system, globally covering
from -4.1 to 4.1 in .

In the offline selection:
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Figure 1. Multiplicity distributions for the full MB, the soft and the hard samples at 1800 and 630 GeV; data
are plotted in KNO variables. On the bottom of each plot, the ratio of the two distributions at the two energies

is shown.

e all events were required to pass a cosmic ray
filter based on the time-of-flight measure-
ment performed by the scintillator counters
of the central calorimeter;

e runs having an exeedingly high number of
events with more than 250 calorimeter tow-
ers hit were excluded;

e to avoid multievent energy superposition in
the calorimeters, events with a second pri-
mary vertex were rejected;

e vertex Z cut: |Zyert| < 60 cm is required;

e events with CTC multiplicity greater than
zero but no towers hit in the central
calorimeter were rejected;

e events with one or more tracks of p; > 50
GeV/c were rejected.

Out of about 3,300,000 events at /s=1800 GeV
(run 1A+1B+1C), 2,321,962 pass the above cuts.
At /s=630 GeV (run 1C) 2,036,994 remain after
the cuts out of about 2,600,000 triggers.

3. TRACK SELECTION

The following cuts were applied to tracks beside
the standard quality cuts required by the CTC

reconstruction program:

e tracks with impact parameter (distance be-
tween the track extrapolation and the z
axis) do > 0.5 cm were rejected;

e tracks with z matching |Zy — Z,| > 5 cm
were rejected.

In order to ensure full CTC efficiency only tracks
with p; > 0.4 GeV/c and |n| < 1.0 were accepted.

All the data presented here have been corrected
for track finding and reconstruction inefficiency
as well as for the physical background contami-
nation coming from ~ conversion, particle decays
and secondary interactions.

Given the above cuts the charged track mul-
tiplicity, throughout our analysis, is defined by
the number of selected CTC tracks in each event.
The mean p; of the event, when not differently
stated, is defined as:

L&
Dt = N Zpti (1)

where N is the number of tracks of the event.
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Figure 2. Transverse momentum distributions for the full MB, the soft and the hard samples at 1800 and 630
GeV. On the bottom of each plot, the ratio of the two distributions at the two energies is shown.

4. SELECTION OF SOFT AND HARD IN-
TERACTIONS

The recognition of jet structures is almost un-
ambiguous when large E; jets are present, but
it is really difficult to identify and separate jets
with E; lower than 5 GeV or below [2]. So the
identification of soft, semi-hard and hard inter-
actions below that transverse energy is largely a
matter of definition. In this analysis we define
soft interaction any event in which no cluster of
a minimum tranverse energy of 1.1 GeV is ob-
served in |p| < 4.1. Clusters of towers in the
Central and End-Plug Calorimeters were recon-
structed via the jet-finding cone algorithm with
radius R = (An? + A¢?)Y/? = 0.7. With the
above selection a cluster may consist of a seed
tower of Er > 1 GeV and an adjacent tower of
at least 0.1 GeV. Calorimeter cluster finding has
been checked and corrected for energy loss in the
calorimeter cracks, in the regions |n| < 0.02 and
1.1 < |n| < 1.2, with a track cluster algorithm. A
track cluster has been defined as one track of p; >
0.7 GeV/c with at least a second track in a cone
R = (An? + A¢*)'/? = 0.7 and with a p, >0.4
GeV/c.

The total Min-Bias sample was splitted into
two subsamples:

e events with no clusters (from now on soft
sample)

e events with at least 1 cluster (from now on
hard sample)

Since it is not possible to avoid any ambigu-
ity in the identification of very low energy clus-
ters, our selection of soft/hard events is essen-
tially a definition. The dependence of all the
results from the threshold Er energy has been
tested by repeating the analysis at a cluster en-
ergy threshold of 3 GeV. The different thresh-
old choice strongly influences the inclusive distri-
butions, as it has to be expected, but does not
change substantially the characteristic different
behaviour of the soft/hard samples. In particu-
lar it preserves the scaling behaviour of the soft
distributions and correlations at the two energies.

5. DATA ANALYSIS

5.1. Inclusive Distributions
Some inclusive distributions, namely multiplic-
ity and transverse momentum distributions, are
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Figure 3. Transverse momentum distributions at
fixed multiplicity (multiplicity = 1, 5, 10, 15) for the
full MB samples at 1800 and 630 GeV. At the bottom
of each plot the ratio of the two above distributions
is shown.

examined first.

Fig. 1 shows the multiplicity distributions for
the full MB samples at 1800 and 630 GeV. Data
are plotted in KNO variables. The comparison of
the distributions at the two energies shows a weak
violation of the KNO scaling as it is expected in a
limited phase space region [3]. In the same figure
the same comparison is made for the soft and hard
samples separately. The ratios of the overstand-
ing distributions are plotted in the bottom part
of each plot in Figs. 1. The behaviour of the soft
and hard samples is different and in particular a
remarkable superposition of the distributions at
the two energies is observed for the soft sample,
suggesting that the KNO scaling violation in the
full sample comes from the hard component.

Transverse momentum distributions are shown
in Fig. 2 for the full MB sample, the soft and hard
sample respectively.
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Figure 4. Same as Fig. 3 for the soft samples.

As for the multiplicity distributions, the ratios
of the distributions at the two energies are shown
in the bottom of each plot in this figure. The
steeper slope of the soft distributions is expected
as it merely reflects the absence of events with
high p; jets. Completely unexpected instead is
the suggested invariance with the c.m.s. energy of
the p; distributions at fixed multiplicity in the soft
sample. This can be seen in Fig. 4 where in each
plot the p; distributions at fixed multiplicity, 1,
5, 10 and 15 respectively, are shown for 1800 and
630 GeV superimposed. The same distributions
for the same values of multiplicity are plotted in
Figs. 3 and 5 for the full MB and for the hard
samples respectively.

The independence from the c.m.s. energy of
the p; distribution at fixed multiplicity will ap-
pear much clearly in the correlation of the aver-
age p; as a function of the multiplicity (see next
subsection).
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Figure 5. Same as Fig. 3 for the hard samples.

5.2. Dependence of Mean Track p¢ on
Charged Multiplicity

The correlation between mean p; and charged
multiplicity is known since its first observation
by UA1 [4] and successively investigated at the
ISR [5] and at the Tevatron Collider energies [6],
but its theoretical explanation is still not com-
pletely known. Among the proposed interpreta-
tions is that the increase is due to the contribu-
tion of high E; interactions (minijets), but quan-
titative previsions are really poor when compared
with experimental results [7]. Actually we mea-
sure the average p; in two ways. In the first, the
mean p; is obtained by Eq. (1) above. It is sim-
ply the sum of the p; of all the measured charged
tracks divided by their number. Results from this
method are summarized in Fig. 6.

In the second way the p; distribution at fixed
multiplicity is fitted to the form:

foo=a () @)

Pt + Po

and the average p; is computed from the fitted
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Figure 6. Mean transverse momentum vs multiplic-
ity at 1800 and 630 GeV. Here the (p¢) is computed
as the sum of the p; of all the measured trackss at
the given multiplicities divided by their number ( see
Eq.(1) of the text).

function. This second determination gives a value
of the mean p; pretty close to the true mean py,
while in the first case it is simply the mean p; of
the observed tracks. The results of the present
measure of the dependence of the mean p; on the
multiplicity as obtained by the fit are shown in
Fig. 7 for the full minimum bias, the soft and the
hard samples at the two analysed energies.

Here is to be noted the good superposition of
the plots at the two energies for the soft sample.
This invariance of the average p; dependence from
the multiplicity with the c.m.s. energy confirms
the previous result of the invariance of the p; dis-
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630 GeV. Here the (p;) is obtained by fitting the p; distributions at each multiplicity to the form (2). On the
bottom of each plot, the ratio of the two curves at the two energies is shown.

tributions at fixed multiplicity with /s. Still to
be noted in Figs. 7 is the clear difference of the
correlation in the soft and hard samples.

5.3. (Pt)ev Dispersion versus Multiplicity

Event-by-event fluctuations on the mean p;
have been shown to be a valid tool to investigate
the collective behaviour of soft multibody produc-
tion. In slightly different ways this tool has been
applied to analyze experimental data [8-10]. Fol-
lowing the approach of [8], the dispersion of the
mean event p; is defined for each multiplicity by:

- Z\2
Dy () = im0 3)
<pt>sample

Brackets () indicate average over all events with
a given multiplicity m, while p; is here the mean
pt of Eq.(1).

The dispersion D is expected to decrease with
increasing multiplicity and to converge to zero
when m — oo if only pure statistical fluctuactions
are present. Conversely, an extrapolation to a
non-zero value would indicate the presence of non
statistical fluctuations from event to event in the
(Pt)ev- This indeed is what was found in [8] and,
in different ways, in [9,10]. Large non poissonian

event-by-event fluctuations of the mean event p;
are a consequence of the particle correlations in
the multibody final state [11]. In Fig. 8 the re-
sult of the present measure of the dispersion from
Eq. (3) as a function of the inverse multiplicity for
the full minimum bias sample is shown

The points deviate from linearity at high multi-
plicity, particularly at /s = 1800 GeV. The sep-
arate analysis of the dispersion versus multiplic-
ity for the soft and hard samples, shown in the
same figure, confirms that this effect is related
to the contribution of the jet production which,
as discussed in [12], increases the event-by-event
fluctuations.

Comparing our soft sample results with [8],
where the hard jet production has a much lower
cross section than at our energies, it has to be
noted that our points drop at high multiplicity (
multiplicity 2 10), which was not observed in [8].
Moreover this effect cannot lead to the conclu-
sion of an extrapolation different from zero at in-
finite multiplicity. Finally, the dispersion as a
function of the inverse multiplicity for the soft
samples has an almost constant ratio at the two
energies, which is not true for the hard samples.
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is shown.

6. CONCLUSIONS

Assuming that hard parton interactions in pp
scattering, whatever is the 2 between the inter-
acting partons, eventually develop into observable
particles clusterized in jet cones in the final state,
and pushing the cluster identification to the low-
est energy threshold, we separate minimum bias
events in soft and hard interaction enriched sam-
ples. Comparing the behaviours of the two sam-
ples and of the samples at the two energies, we
obtain the following results.

- The multiplicity and tranverse momentum
inclusive distributions of soft and hard
interactions are significantly different, the
differences being similar at both energies.
The multiplicity distributions of soft inter-
actions follow the KNO scaling going from
Vs = 630 to 1800 GeV. This is not true
for the hard interactions. Concerning soft
interactions, the p; distributions at fixed
multiplicity scale with energy. That is to
say, independently from the c.m.s. energy,
the number of charged particles in the final
state fix their momentum distribution. The

p¢ distributions integrated over all the mul-
tiplicities at the two energies differ only by
the weight given by the different multiplic-
ity distributions.

The dependence of the mean p; on multi-
plicity, already measured at 1800 GeV, def-
initely shows, with the high statistical preci-
sion of this measurement, a structure which
is not reproduced by the current theoreti-
cal or phenomenological model. It is to be
noted that a small rise of the mean p; is
still present in the soft sample where any
hard parton interaction is at least strongly
suppressed. The remarkably good scaling
of the dependence for the soft samples con-
firms the result quoted above (a).

The dependence of the dispersion of the
(pt)ev on the inverse multiplicity shows a
non linear behaviour which was not previ-
ously observed. Furthermore the compari-
son of the soft to the hard sample indicates
that the weak rise at multiplicity greater
than ~10 is essentially due to the presence
of hard parton interactions.



In the same multiplicity region the slope of
the dispersion in the soft sample allows to
exclude a non-zero extrapolation at infinite
multiplicity. The ratio of the soft samples
at the two energies is flat as a function of
multiplicity, that is not true for the hard
samples.

In all the distributions and correlations studied

the soft subsample is compatible with the hypoth-
esis of scaling with the c.m.s. energy, which is a
relevant and new result.
In this frame of soft interactions, the dynamical
mechanism of multiparticle inelastic production
appears to be invariant with c.m.s. energy at least
in our energy interval. Therefore the properties
of the observable final state are determined only
by the number of (charged) particles, that is by
the increased phase space.

REFERENCES

1. F. Abe et al., Nucl. Instrum. Methods A271
387 (1988), and references therein.

2. F. Abe et al., Phys. Rev. D56 3811 (1997);
Phys. Rev. Lett. 79 584 (1997);

X.Wang, Phys. Rev. D46 1900 (1992);
UA1l Collaboration, C.Albajar et al, Nucl.
Phys. B309 405 (1988).

3. UA5 Collaboration, R.E. Ansorge et al.,
Z.Phys. C43 357 (1989); K. Alpgard et al.,
Phys. Lett. B121 209 (1983).

4. UA1 Collaboration, G. Arnison et al., Phys.
Lett. B118 173 (1982).

5. A.Breakstone et al., Phys. Lett. B132 463
(1983); Phys. Lett. B183 227 (1987); Phys.
Lett. B132 458 (1983).

6. E735 Collaboration, T.Alexopoulos et al.,
Phys. Lett B336 599 (1994); Phys. Rev. Lett.
60 1622 (1988); Nucl. Phys. Proc. Suppl. B25
40 (1992); Phys. Rev. D48 984 (1993);
N.Moggi, Nucl. Phys. Proc. Suppl. B71 221
(1999).

7. C. Hwa and X. Wang, Phys. Rev. D39 187
(1989).

8. K. Braune et al., Phys.Lett. B123 467 (1983).

9. H.Appelshiuser, Phys. Lett. B459 679
(1999).

10. M.L. Cherry et al, Acta Phys. Pol. B29 2129
(1998).

11. M. Gazdzicki, Eur. Phys. J. C6 365 (1999)
and references therein.

12. F. Liu, Eur. Phys. J. C8 649 (1999).



